We investigate the Λ(1405, 1/2 − ) ≡ Λ * photoproduction off the proton target, i.e. γp → K + Λ * , considering explicitly its two-pole structure, the higher (Λ * H : 1430 MeV) and lower (Λ * L : 1390 MeV) mass-pole contributions, suggested by the chiral-unitary model (ChUM) approaches. For this purpose, we construct a two-body process model, which mimics the Dalitz process, γp → K + πΣ, assuming that the mass of Λ * as the invariant mass of π and Σ, i.e. MΛ * ∼ MπΣ. We employ the effective Lagrangian method with the tree-level Born approximation, using the gauge-invariant prescription for the phenomenological form factors. We provide the numerical results for the energy and angular dependences, π-Σ invariant-mass distribution, and so on. It turns out that the model parameters determined from ChUM reproduce the experimental data qualitatively well, supporting the two-pole structure. Moreover, the nucleon resonance contribution near the threshold plays an important role to describe the data.
I. INTRODUCTION
Λ(1405, 1/2 − ) ≡ Λ * is the first excited state of the Λ-hyperon resonances. Among the peculiar and interesting features of this hyperon resonance to be addressed, its microscopic internal structure has been the most important issue for a couple of decades: Which is the most genuine (or dominant) configuration for the Λ * internal structure within one-and two-pole ones? In conventional quark models, it had been taken into account as the uds three-quark state, corresponding to the one-pole configuration, although its mass spectrum is hardly reproduced by the models: M Λ * ≈ 1600 MeV [1] . Even from the lattice QCD simulations, it was reported that the three-quark state for Λ * seems to be excluded, resulting in the higher mass (1.7 ∼ 1.8) MeV in various flavor-multiplet configurations [2] . The mixture of the one-and two-pole contributions was suggested by the hybrid quark model [3] . A similar scenario was also investigated via a few-body calculation using the isospin mixing, showing the two configurations are equivalently possible [4] . In contrast, within some effective models, the one-pole structure for Λ * was preferred [5, 6] .
Being together with the chiral dynamics at low energy and the unitarity of scattering amplitudes, the meson-baryon interactions provide dynamical generations of baryon resonances in the coupled-channel methods: Chiral-unitary model (ChUM) [7] [8] [9] [10] , providing a affirmative result for the Λ * mass. In this approach, Λ * shows a very interesting feature that the physically observed mass distribution for Λ * along the scattering line is a resultant interference between the higher-(∼ 1430 MeV) and lower-mass (∼ 1390 MeV) poles in the 2nd Riemann sheet [10] . Although this is an interesting theoretical observation for the internal structure of the hyperon resonance, the two-pole structure scenario has not been proved obviously by experimental data so far.
In the present work, we would like to study the photoproduction of Λ * off the proton target γp → K + Λ * , employing the effective Lagrangian method at the tree-level Born approximation, using the gauge-invariant prescription for the phenomenological form factors. Note that there have been several effective approaches for the photoproduction: A simple Born approximation at tree-level calculation considering the s-channel dominance was studied in Ref. [11] , taking account of the experimental data of the LEPS collaboration at Spring-8 [12] , but the theory failed to reproduce the recent CLAS data [13] . In the crossing and duality consistent study, it turned out that the total cross section is estimated as σ ∼ 1 µb for γp → K + Λ * , whereas σ ∼ 1 nb for the suppressed γK − → γΛ * process, due to the parity conservation [14] . In Ref. [15] , the authors scrutinized the Dalitz process γp → K + Λ * → K + πΣ by gauging the Weinberg-Tomozawa (WT) meson-baryon chiral interaction, giving the line shapes for the invariant-mass distribution for each isospin channel of πΣ. The Dalitz process was decomposed into the K − p → πΣ process and the photon-kaon vertex, using the chiral coupled-channel approach information [16] . process, at the amplitude level, as explicitly demonstrated in Fig. 1 . In the present work, we consider the s-, t-, and u-channel contributions. For the s channel, we consider the ground-state and resonance nucleons. The pseudoscalarand vector-kaon exchanges, K and K * , are taken into account for the t channel, whereas the Λ * H,L and hyperon resonance contributions for the u channel. Take notice of that we do not consider the possibility that the p-wave Σ(1385, 3/2 + ) contribution, which can couple to Λ * for brevity in the present work.
For computing the invariant amplitudes for the Feynman diagrams given in Fig. 1 , we define the effective Lagrangians for the interaction vertices as follows:
where K, K * µ , A µ , N , Λ * , and Λ * i , and denote the fields for the pseudo, vector kaons, photon, nucleon, Λ(1405), and the hypothetical Λ * contributions for higher and lower mass ones, i.e. i = (H, L). We also consider π and Σ fields, coupling to Λ * i for the later use. We set e h , M h , and κ h for the electric charge, mass, and anomalous magnetic moment for the hadron h, respectively, whereas e stands for the unit electric charge. For instance, we have e p = (+1)e. As for the relevant strong coupling constants are given by g h1h2h3 , their values are determined by experimental and theoretical information, listed in Table I . Note that all the couplings for Λ * H,L are taken from the ChUM coupled-channel calculations.
In order to determine g πΣΛ * , we have used the following equation with the experimental data [20] :
where
Since the information to determine g K * N Λ * i is poor, we consider it as a free parameter of the present model. Using the effective Lagrangians given in Eq. (1), it is straightforward to compute the invariant amplitudes as follows:
where φ i is a phase angle between the invariant amplitudes iM i=H,L . In the ChUM calculations, the value for φ is estimated to be about π [21]. It is worth mentioning that, since we consider Λ * as the π-Σ bound state, its mass can be chosen as M πΣ as already discussed above. If this is the case, the four momentum for Λ * must satisfy the condition that p 2 2 = M 2 Λ * = M (πΣ) ≡ M 2 πΣ , shown in the propagator with p 2 in Eq. (4). By doing this, we will take M πΣ as a dynamical variable in the present work. In this setup, the four momentum for the particles can be defined explicitly in the cm frame as follows: 
Here, k i,f and θ indicate the three momenta for the initial and final states, and the angle for the outgoing kaon in the cm frame. Here, the reaction plane is defined by the x-z plane, whereas the y axis is perpendicular to the plane. Note that the second square brackets in the r.h.s. of Eq. (4) is a obviously new term in the present model which is not seen in usual tree-level Born-approximation approaches, and indicates a propagating intermediate particle, such as the Λ * H,L , giving a invariant-mass distribution with its maximum at M πΣ = M i with the width Γ i . In the ChUM calculations, the values for the full-decay widths for the hypothetical particles are given by Γ H,L ≈ (14, 74) MeV [17] . It is clear that the sum of all the bare amplitude in Eq. (4) satisfies the Ward-Takahashi identity. Now, we are in a position to determine the value for the coupling constant g Λ * i Λ * , which represents the coupling strength between the hypothetical and physical Λ * s. We note that this coupling can be understood as a meson-baryon loop as shown in Fig. 2 . Since the physical Λ * decays into π and Σ in about 100% experimentally [20] , we only consider the π-Σ loop here for simplicity. Hence, the relevant effective Lagrangian in Eq. (4), L Λ * Λ * i can be rewritten as
In deriving Eq. (6), we make use of the on-shell factorization, which has been employed in the ChUM calculations widely, and it makes calculations easier to a good extent. The loop integral can be performed with the dimensional regularization [17] , and we can obtain the relevant coupling strength g Λ * Λ * i as a function of the invariant mass M πΣ :
To tame the UV divergence in the loop integral, we use the dimensional regularization, and the renormalization scale µ is chosen to be 2.0 GeV, which was determined by fitting the data in the ChUM calculations for S = −1 channel [10] . Numerically, we have
It is worth mentioning that it is also possible for the incident photon can couple to the π-Σ loop in principle. By doing this, i.e. with the electromagnetic interactions with the hadrons, one can extract separate information for each isospin channel of π-Σ. However, we are interested in the isospin sum or average in the present work, we want leave this interesting issue for the future work.
The nucleon and hyperon resonance contributions can be of importance. As for the nucleon resonances above 2.0 GeV, we have D * * 13 (2080), S * 13 (2090), P * 11 (2100), G * * * * 17 (2190), D * * 15 (2200), H * * * * 19 (2200), G * * * * 19 (2250), and so on [22] . In the recent PDG listing [20] , D 13 (2080) is now split into D 13 (2120) and D 13 (1875) by the multi-channel partialwave analyses. In the present work, to be consistent with theoretical information, i.e. the SU(6) quark model, as will be discussed below, we choose the nucleon-resonance masses and helicity amplitudes from Ref. [22] . In the relativistic SU(6) quark model, the strong partial-wave decay amplitude (PWDA) G KN * Λ * ( ) is estimated for the nucleon resonances of Ref. [18] , being listed in Table II . By definition, the PWDA corresponds to the decay width as
Thus, using Eq. (8), one can obtain the relevant strong coupling constants, while Γ N * →KΛ * in the l.h.s. of Eq. (8) can be computed by the relevant effective Lagrangians. Ignoring the less-confirmed ( * ) and relatively small-coupling resonances from Table II , we find that D 13 is the most dominant contribution. Therefore, for simplicity, we only consider this resonance hereafter. The relevant effective Lagrangians for the D 13 resonance contribution as shown in Fig. 1 read: 
Note that we set h 2 to be zero here, since its contribution in the relatively low-energy region must be small. As understood in Eq. (10), we do not consider the intermediate Λ * H,L for this contribution, i.e. the nucleon resonance couples directly to Λ * . As for the hyperon resonance, we may take Λ(1670, 1/2 − ) ≡ Λ into account as shown in Fig. 1 . However, the transition magnetic couplings computed from ChUM [23] are too small to provide sizable contribution in comparison to others, κ γΛ * H,L Λ = (0.019 ± 0.002, 0.093 ± 0.003) for instance, we drop those hyperon resonance contribution. We verified that these contributions are negligible indeed numerically.
Since the hadrons are spatially extended objects, we need to take the phenomenological form factors into account. Following the gauge-invariant form-factor prescription suggested and employed in Refs. [24] [25] [26] [27] , we define the relevant form factors as follows:
where x and h denote the Mandelstam variable x = (s, t, u) and hadron species h. Then, the dressed invariant total amplitude for the present reaction process can be written in the gauge-invariant form factor scheme:
Note that, for brevity, we choose Λ h = 1.0 GeV in common for all the hadrons throughout this work.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this Section, we will provide the numerical results and relevant discussions. First, we compute and show the numerical results for the angular dependence, i.e. differential cross section dσ/d cos θ as a function of θ for the cm energy range W = (2.0 ∼ 2.8) for M Λ * = M πΣ = 1405 MeV. Recently, we have corresponding experimental data from the CLAS collaboration at Jefferson Laboratory (Jlab) [13] . In Fig 3, we show the numerical results for it in comparison with the data, in which the shaded area represents the experimental error. Note that the experimental data are the simple sum of the three isospin channels π ±0 Σ ∓0 . The numerical results are given by those with the total contributions (solid) and without the K * -exchange contribution (dash). To reproduce the data, we fix the adjustable parameters of the model as listed in Table III .
The K * -exchange contribution, the strength of the cross section increases obviously. All the curves show strong forwardscattering enhancements, due to the K-exchange in the t channel dominantly. The experimental data shows sizable enhancement in the cross section in the backward-scattering region. Although this enhancement can be explained by possible u-channel resonant contributions, as discussed previously, Λ(1670) does not meet this requirement. The inclusion of Σ(1385) could help this, but we would like to leave it as a future work. In the left panel of Fig. 4 , we show the numerical results for the differential cross section as a function of cos θ and φ ≡ (φ H − φ L ). It turns out that the dependence on φ is relatively smooth. Once all the parameters fixed, we compute the total cross section as a function of the photon energy E γ and show the numerical results in the right panel of Fig. 4 . The experimental data are taken again from Ref. [13] . We show the theoretical curves with the total contributions (solid), without K * (dash), without D 13 (dot-dash), and D 13 only (dot-dot-dash). We observe that the D 13 contribution dominates in the vicinity near the threshold, whereas it diminishes stiffly beyond E γ ≈ 2.0 GeV then the usual Born-term contributions remain. The K * -exchange contribution again provides strength enhancement over the photon-energy region that we focus on. The experimental data are reproduced qualitatively well. One of the distinguished features of the present model must be that the Λ(1405) mass is treated as a dynamical variable, i.e. the π-Σ invariant mass (M πΣ ). Hence, it is interesting to extract the π-Σ invariant-mass distribution from the two-body reaction-process calculations. If we assume that the Dalitz process γp → K + πΣ is saturated by the Λ * H,L intermediate states, and their decay widths are small enough comparing to their masses, the invariant-mass distribution for the Dalitz process can be defined with the unpolarized two-body process σ γp→K + Λ * as a function of M πΣ :
Here, Λ * ≡ Λ(1405) and M πΣ ≡ M (πΣ). The explicit derivation of Eq. (13) is given Appendix in detail. Note that we also assume for Eq. (13) that the interference between the Λ * H,L intermediate process and the K * -meson pole contribution, in which K * decays into K + and π, is negligible. Using Eq. (13) and the total cross section results for σ γp→K + Λ * , the computed invariant-mass distribution is given in Fig. 5 for W = (2.0 ∼ 2.8) GeV and M πΣ = (1.355 ∼ 1.455) MeV. The experimental data are taken from Ref. [19] . Again, we show the experimental data as a simple sum of the three π-Σ isospin channels. The solid and dash lines indicate the numerical results with and without the K * -exchange contribution, respectively. As W increases, the peak of the curves tend to be slightly shifted to the higher M πΣ value. In other words, for the lower-energies, the distribution is more symmetric inside the mass window M πΣ = (1.355 ∼ 1.455) MeV, and the theory explains this tendency qualitatively well. Most obvious deviations in comparison to the experimental data are the underestimations below M πΣ ≈ 1.4 GeV, and the overestimations beyond W = 2.6 GeV. We can understand the first by the absence of the possible Σ(1385) contribution in the present work. As for the second, there can be more complicated destructive interference between the presently considered contributions and those ignored here. One of the possible cures for this overestimations must be the inclusion of the Regge contributions in the t channel for the relatively higher-energy region. We would like to leave this for the future work.
In order to understand the peak shift or becoming asymmetric in the invariant-mass distributions in detail, we decompose them into the relevant contributions and show the results in Fig. 6 . To see the tendency clearly, we choose two typical energies, W = (2.0, 2.4) GeV in the (left, right) panels. As for W = 2.0 GeV, the D 13 contribution (dotdash) becomes dominant, where as the Λ * H,L ones are considerably small. Hence, due to Eq. (13), the distribution has a peak near M πΣ ≈ 1405 MeV and looks symmetric within the window. As the energy grows, the resonance contribution gets diminished, and the Λ * H,L ones start to prevail. Hence, the two-pole structure gives asymmetric distribution as shown in the right panel. This observation can be seen more clearly in Fig. 7 . There, we plot the invariant-mass distribution as a function of E γ and M πΣ . The theory and experiment are given in the left and right panels, respectively. For the experimental data, we ignore the error here. By seeing the outmost contour in the left panel, we find a tilted-triangle shape (∆-shape) distribution. A similar tendency can be seen even in the experimental data in the right panel. Once again, this observation can be understood by that the dominant resonance contribution near the threshold, and the generic Born ones becomes of importance as the energy increases. Moreover, the two-pole structure with the different strengths gives the asymmetric distribution.
Finally, we want to discuss and provide theoretical results for two more physical observables, i.e. t-channel momentum transfer dσ/dt and the photon-beam asymmetry Σ. In the left panel of Fig. 8 , we show the numerical results for dσ/dt as a function of −t for W = (2.0 ∼ 2.8) GeV . It turns out that the curves behave similarly with other pseudo-scalar meson photoproductions in general. A peculiar feature is that, due to the D 13 contribution near the threshold, the curves below W = 2.2 GeV are considerably larger than those beyond it. The photon-beam asymmetry is defined in the present work by
where the subscripts ⊥ and denote that the photon polarization is perpendicular and parallel to the reaction plane, on which four momenta of all the particles reside. In our definition of Σ, the K-exchange contribution in the t channel gives Σ ≈ 1, whereas the K * -exchange one Σ < 0 as a function of cos θ. For the lower-energy region around the D 13 mass, i.e. W 2.1 GeV, there are destructive interferences between the K-exchange and D 13 contributions, giving Σ ≈ 0.5. As the energy increases to W ≈ 2.4 GeV, the D 13 contributions gets diminished, then the shape of Σ approaches to that of the K-exchange one Σ → 1. When the energy goes beyond W ≈ 2.4 GeV, the K * -exchange in the t channel becomes effective, and provides destructive interference with the K-exchange one, resulting in Σ ≈ 0.4 averagely for W = 2.8 GeV with the negligible D 13 contribution.
IV. SUMMARY, CONCLUSION, AND PERSPECTIVES
We have studied the Λ(1405) ≡ Λ * photoproduction, considering its two-pole structure as suggested by the ChUM calculations. For this purpose, we developed a simple two-body process model, based on the effective Lagrangian approach. In this model, the hypothetical states of Λ * H,L , suggested by ChUM, are coupled to the physically measured π-Σ state, denoted by Λ * , whose mass is assigned as the π-Σ invariant mass M πΣ . By doing this, the model mimics the Dalitz process, i.e. γp → K + πΣ, approximately with the two-body reaction process γp → K + Λ * . Relevant model parameters were determined by various theoretical and experimental information, such as the results from ChUM. Especially, the coupling strengths between Λ * H,L and Λ * were determined by the meson-baryon loop with help of the on-shell factorization and dimensional regularization. We considered the various contributions, including the D 13 one, with the gauge-invariant form factor scheme. We computed various physical quantities and list important observations as follows:
• All the adjustable model parameters are determined to reproduce the recent CLAS experiment data, and it turns out that they are not the same but relatively similar to those estimated from ChUM. The deviations from the ChUM estimations can be understood by different backgrounds considerations between the present model and ChUM coupled-channel calculations. We also note that the K * -exchange contribution is finite.
• The angular (dσ γp→K + Λ * /d cos θ) and energy (σ γp→K + Λ * ) dependences of the cross sections at M Λ * = M πΣ = 1405 MeV are reproduced qualitatively well in comparison to the experimental data. We find that the nucleon resonance contribution from D 13 dominates the low-energy region near the threshold, and the K-exchange in the t channel plays important role for the wide energy range. The K * -exchange contribution gives overall enhancement to the cross sections in general.
• The invariant-mass distribution (dσ γp→K + πΣ /dM πΣ ) is computed as a function of M πΣ , showing qualitative agreement with the experimental data. Focusing on the window M πΣ = (1.355 ∼ 1.455) MeV, the distribution is relatively symmetric, due to the dominant D 13 contribution near the threshold. As the energy grows, together with the diminishing D 13 contribution, the distribution becomes shifted by the asymmetry generated by the two-pole structure of Λ(1405). Again, the K * -exchange contribution shows overall enhancement to the invariantmass distribution.
• The t-channel momentum transfer (dσ γp→K + Λ * /dt) and photon-beam asymmetry (Σ) are also studied theoretically. In the beam asymmetry, it clearly shows the destructive interference between the D 13 and K-exchange contributions near the threshold. As the energy increases, the K * -exchange contribution comes into play significantly. For the energy range W = (2.0 ∼ 2.8) GeV, the theory shows Σ ∼ 0.5 averagely.
• Although the theoretical results shows qualitatively good agreement with the experimental data, we note that some issues are not described well in the present work: 1) The experimental data for the angular dependence indicates sizable u-channel contributions, we can not reproduce them even with the inclusion of Λ(1670).
2) The inclusion of Σ(1385) contribution, which can couple to Λ * can give better descriptions for the invariant-mass distribution for M πΣ 1.4 GeV.
3) The invariant-mass distribution is overestimated for W 2.6 GeV. This can indicate a necessity for the high-energy modification of the present model, such as the Regge-trajectory for the t-channel contributions.
In consequence, the present model inspired by the two-pole structure of Λ(1405) reproduces the experimental data qualitatively well with helps of ChUM. Note that describing invariant-mass distribution with the two-body reaction process is one of the specific features of the present model. Hence, the present model is quite simple and useful to analyze various Dalitz processes in an easier way. Thus, the successful description of the experimental data within the present model calculations with the ChUM information can be considered supporting the two-pole structure of Λ(1405). Nonetheless, it is still difficult to make a conclusive statement for the two-pole structure of Λ(1405) within the present model study, since the single-pole scenario may lead us to the similar consequence by reproducing the data. We want to extend the present model calculations by including the Σ(1385) intermediate state, Regge trajectories in the t channel, and so on. Related works are under progress and will appear elsewhere.
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where F ab stands for the flux factor for the initial state with a and b. In deriving Eq. (15), we have used the narrow-width approximation for the intermediate particle X: Γ X /M X 1, and taken into account that the invariant amplitudes M are insensitive to M 23 . Considering the above decomposition, the invariant-mass distribution can be written by
Although there can be complicated interference effects due to other processes via a different intermediate particle X , i.e. ab → 2X → 13 for instance, for brevity, we ignored them here.
[1] N. Isgur and G. Karl, Phys. Rev. D 18, 4187 (1978) . The four momenta for the incident photon (γ), target proton (p), outgoing kaon (K + ), and recoil Λ * are denoted by k1, p1, k2, and p2, respectively.
FIG. 2:
In the left, Λ * H,L couple to Λ * via the π-Σ loop, considering that the physical Λ(1405) state decays almost into the π-Σ channel ∼ 100%. In the right, we show the effective baryon-baryon vertex, deduced from the π-Σ loop diagram. [19] , ignoring the errors. One can observe the tilted-triangle-shape (∆-shape) distribution by seeing the outmost contour line in the left panel. A similar tendency can also be found in the experimental data. 
